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INTRODUCTION 

1 iquefact ion,  residue microscopy, ca ta l ys i s  

Reflectance cha rac te r i s t i cs  o f  v i  t r i n i  te-der i  ved residues from coal 
l i q u e f a c t i o n  provide a measure o f  t he  response o f  coals t o  react ion condi t ions (1- 
3 ) .  The presence o f  a low-ref lect ing primary v i t r o p l a s t  (4,5), an i s o t r o p i c  
p i t c h - l i k e  mater ia l  formed by simple mel t ing o f  v i t r i n i t e ,  ind icates t h a t  
depolymerization react  ions were incomplete. Low-ref 1 ec t i ng  secondary v i  t r o p l  as t  
(5), formed by p r e c i p i t a t i o n  from the so lub i l i zed  products, suggests t h a t  t he  coal 
had been a t  l eas t  p a r t i a l l y  hydrogenated. High-ref lect ing v i t r o p l a s t  or v i t r i n i t e  
residue ind icates t h a t  condensation reactions had predominated. 
together o f  t he  l a s t  two o f  these residue types ind icates t h a t  hydrogenation and 
condensation have been l o c a l l y  competing reactions fo l l ow ing  thermolysis. 

This paper discusses the use o f  residue microscopy i n  evaluating the  
i n f l uence  o f  a dispersed molybdenum ca ta l ys t ,  o f  reactor  atmosphere, o f  a 
pretreatment stage and o f  coal rank i n  bench-scale 1 iquefact ion experiments. 

EXPERIMENTAL 

The presence 

The fou r  coals used i n  t h i s  study ( l i g ,  subs, hvC and hvA bituminous) were 
obtained from the  Penn State Coal Sample Bank. 
are l i s t e d  i n  Table 1. 

Some o f  t h e i r  re levant  p roper t i es  

Hydrogenation react ions were performed, mostly wi thout  a solvent veh ic le  
(i .e., dry) ,  i n  batch s ta in less-s tee l  tube reactors (approx. 25 cm3 capaci ty)  (6, 
7) .  Approximately 5 g o f  coal (-60 mesh U.S. sieve s ize)  were charged t o  the 
reactor  f o r  t he  dry runs. For hydrogenations conducted w i t h  added solvent, 2.5 g 
o f  coal and 5 g o f  so lvent  were used. I f  ca ta l ys t  was present (as 1% su l f i ded  Mo 
on dmmf coal ) ,  a s to ich iometr ic  amount o f  CS, was added t o  ensure t h a t  enough 
ava i l ab le  s u l f u r  was present t o  convert the metal t o  i t s  s u l f i d e  form. 
assumption was made t h a t  ammonium tetrathiomolybdate (ATM) would convert e n t i r e l y  
t o  MoS,. 
coal, and reference t o  the  me tas tab i l i t y  o f  t h i s  ca ta l ys t  precursor are described 
elsewhere (8, 9). 

The loaded reactor  was purged o f  a i r  w i t h  n i t rogen and then purged th ree  
times w i t h  the  desired gas (hydrogen o r  nitrogen) before f i n a l l y  being pressurized 

The 

The procedure employed f o r  preparing the ATM and d ispers ing it on the  
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t o  7 MPa co ld  pressure. 
cm a t  about 200 cyc les per minute by an e l e c t r i c a l l y  d r i ven  cam system whi le  t h e  
reactor  was immersed i n  a preheated, f l u i d i z e d  sandbath. A f t e r  reac t i on  f o r  t h e  
desired time, the reac to r  was removed from the sandbath and quenched t o  room 
temperature by immersion i n  co ld  water. F i rs t -s tage react ions were conducted a t  
275"C, and t h e  second stage a t  425"C, both f o r  30 min. 

The reactor  contents were agi ta ted v e r t i c a l l y  through 2.5 

In between t h e  steps o f  the temperature-staged l i q u e f a c t i o n  experiments, t he  
reactor  was quenched and t h e  gaseous products vented. 
repressurized w i t h  7 MPa hydrogen and react ion was continued a t  t he  h igher  
temperature. 
t he  hydrogen p a r t i a l  pressure. 

reactors were used for microscopy. 
remaining l i q u e f a c t i o n  products washed out and ext racted w i t h  te t rahydrofuran 
(THF) t o  determine percent conversion. 

The reactor  was then 

This procedure was adopted t o  circumvent the p o s s i b i l i t y  o f  l i m i t i n g  

L iquefact ion experiments were done i n  dupl icate.  The products o f  one o f  t he  
The second reactor  was vented and t h e  

RESULTS AND DISCUSSION 

Non-Catal y t  i c Reactions 

stage has been shown t o  have a profound e f f e c t  on conversion and product 
s e l e c t i v i t y ,  p a r t i c u l a r l y  where cata lysts  are employed i n  the react ion (1). 
Consequently, some de ta i l ed  microscopy was performed on residues t h a t  represent 
pretreatment condi t ions alone. Three o f  the coals which had been reacted a t  275OC 
(PSOC-1482, 1401 and 1504) under d i f f e r e n t  atmospheres were evaluated t o  determine 
whether the re  had been any d iscern ib le  changes i n  the  s t ruc tu re  o f  t he  reacted 
coal. 

Preceding a coa l  l i que fac t i on  react ion w i t h  a low-temperature pretreatment 

Fol lowing pretreatment ( f i r s t  stage) condi t ions the  l i g n i t e  and subbituminous 
coals showed almost no microscopic evidence o f  change i n  the coal s t ruc tu re  other  
than some separat ion o f  coal p a r t i c l e s  along bedding planes. I t i s  important t o  
note t h a t  t he  v i t r i n i t e / h u m i n i t e  macerals showed no r ims o f  low ref lectance t h a t  
would s i g n i f y  tha t  hydrogenation has proceeded v i a  a she l l  progressive mechanism. 
Also, there was no evidence o f  maceral d e v o l a t i l i z a t i o n  or t he  onset o f  f l u i d i t y  
t ha t  would he lp t o  exp la in  the  improved conversion and product s e l e c t i v i t y  t h a t  
occurs when a low-temperature pretreatment i s  employed p r i o r  t o  reac t i on  under 
f u l l  l i q u e f a c t i o n  condi t ions.  Maximum ref lectance values were measured f o r  a 
se lect ion o f  residues from pretreated coals and are presented i n  F igure 1. 
Compared t o  t h e  re f l ec tance  o f  the feed coal, l i t t l e  change was observed fo l l ow ing  
pretreatment. 
increase. 
n i t rogen atmosphere was employed during the react ion (Table 2). 

and hydrogen was found f o r  t he  higher temperature and temperature-staged 
experiments (Table 2).- This i s  somewhat su rp r i s ing  g iven the f a c t  t h a t  the best 
conversion was observed f o r  t he  temperature-staged reac t i on  o f  t he  bituminous coal 
i n  a hydrogen environment. 

Only i n  the case o f  the subbituminous coal was there a s i g n i f i c a n t  
These general re la t ionships are consis tent  whether a hydrogen or a 

The same s i m i l a r i t y  between ref lectances o f  residues from runs i n  n i t rogen 

These observations suggest t h a t  t h e  ref lectance 
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increase of v i t r i n i t e - d e r i v e d  res idual  mater ia l  from runs made i n  the  absence o f  a 
solvent may be more re la ted  t o  the maximum temperature employed i n  the  reac t i on  
than t o  the reactant gas. 

Major changes i n  the appearance and op t i ca l  proper t ies o f  residues were 
observed fo l lowing the high-temperature (425OC) and temperature-staged react ions.  
For the most pa r t  the l i p t i n i t e  macerals had been converted and were no longer 
present i n  the residues. 
predominant components found i n  residues o f  t he  l i g n i t e  (PSOC-1482) and 
subbituminous (PSOC-1401) coals, whereas v i t r o p l a s t  was the  dominant component 
found i n  residues from the hvCb (PSOC-1498) and hvAb (PSOC-1504) coals. 
maximum ref lectances o f  these residue components were g rea t l y  increased over those 
o f  the o r i g i n a l  coal. Fig. 1 compares the trends i n  re f lectance f o r  t h e  d i f f e r e n t  
hydrogenation condi t ions and coals used dur ing t h i s  pro ject .  
ranks, temperature-staged residues have a higher re f lectance than t h e  single-stage 
high-temperature 1 iquefact ion residues. 
staged compared t o  high-temperature reactions f o r  t he  hvC and A bituminous coals. 
I f  higher re f lectance i s  i nd i ca t i ve  o f  a greater degree o f  molecular condensation, 
then these data suggest t h a t  t he  lower rank coals have a greater  tendency t o  
condense under temperature-staged, dry, non-catalyt ic l i q u e f a c t i o n  than the 
conventional high-temperature 1 iquefaction. 
therefore a lower degree o f  molecular condensation under temperature-staged 
condit ions, i s  seen i n  the residues from the  higher rank coals. 
re f lectance values measured f o r  both the temperature-staged and high-temperature 
residues o f  PSOC-1498 are somewhat low compared t o  the  other  coals (Fig. 1). We 
suspect t h a t  t he  maximum temperature (425'C) used f o r  l i que fac t i on  o f  t h i s  hvCb 
coal may be too  low t o  be optimal. 
a l so  supports t h i s  conclusion, averaging 21% compared t o  34% conversion f o r  t he  
other  coals. 

H u m i n i t e h i t r i n i t e  remnants and v i t r o p l a s t  were t h e  

The 

For lower coal 

Reflectance i s  lower f o r  temperature- 

The reversal o f  t h i s  tendency, and 

F i n a l l y ,  t h e  

Conversion y i e l d  f o r  t h i s  coal (PSOC-1498) 

Analysis o f  Extracted Residues t o  Determine Ef fects  o f  Molybdenum S u l f i d e  Cata lyst  

The general re la t i onsh ip  i n  the ref lectance o f  v i t r i n i t e - d e r i v e d  residues 
between non-cata ly t ic  and c a t a l y t i c  (1% Mo) temperature-staged hydrogenation 
experiments i s  provided i n  Fig. 2. This f i g u r e  shows t h a t  t he  res idual  mater ia ls  
f r o m  the c a t a l y t i c  runs genera l ly  have higher re f lectances than those from non- 
c a t a l y t i c  runs. The higher volumetric conversion o f  each coal i n  the  presence o f  
the molybdenum ca ta l ys t  means tha t  there i s  much less o f  t he  o r i g i n a l  coal 
mater ia l  remaining; therefore, the residues w i l l  be o f  h igher  molecular weight and 
more h igh l y  condensed than from runs which achieve s i g n i f i c a n t l y  lower l e v e l s  o f  
conversion. Another poss ib le  con t r i bu t i on  t o  the higher re f lectances would r e s u l t  
from the ca ta l ys t  promoting dehydrogenation reactions. 

res idual  mater ia l ,  considered i n  i s o l a t i o n  from a l l  pe r t i nen t  information, may not  
be a good ind i ca t i on  o f  t he  conversion o f  coal t o  a so lub le product. 
pa r t i cu la r ,  low molecular weight products generated as a r e s u l t  o f  e f f i c i e n t  
hydrogenation are presumed t o  have had a r e l a t i v e l y  low ref lectance; however, 
these mater ia ls  w i l l  have dissolved i n  the solvent (THF) used t o  separate t h e  
so lub le products from the inso lub le residues. Because o f  t h i s  problem, a se r ies  
o f  experiments was undertaken s p e c i f i c a l l y  t o  study the  ref lectance d i s t r i b u t i o n  

The s ign i f i cance  o f  t h e  foregoing i s  t h a t  a re f lectance measurement made on 

I n  
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o f  the whole products (without ext ract ion) ,  as wel l  as the  i nso lub le  residues o f  
c a t a l y t i c  and non-cata ly t ic  temperature-staged hydrogenation. 
sunmarized i n  t h e  sec t i on  e n t i t l e d  "Analyses o f  Whole Products". 

The resul ts ,  are 

Reflectance analyses a lso were performed on j u s t  t he  THF-insoluble residues 
of dry c a t a l y t i c  and non-catalyt ic, s ing le-  and two-staged 1 i que fac t i on  o f  t he  
subbituminous coal (PSOC-1401) reacted under N, and H, atmospheres and a 
combination of t h e  two gases. 
atmosphere, c a t a l y s t  and pretreatment t o  be evaluated. 
both c a t a l y t i c  and non-cata ly t ic  runs, v i t r i n i t e  re f lectance values o f  the 
residues of pretreatment are low whether generated i n  a n i t rogen  o r  a hydrogen 
atmosphere. 
resu l t  of high-temperature and temperature-staged reactions (425OC). 
v i t r i n i t e  was subject  t o  s i g n i f i c a n t  changes as shown by a l a rge  increase i n  
maximum ref lectance and by the  q u a l i t a t i v e  descr ip t ions provided i n  Table 3.  
t h i s  tab le,  "reacted" v i t r i n i t e  (or  v j t r o p l a s t )  r e f e r s  t o  those v i t r i n i t e  
p a r t i c l e s  which had undergone thermoplastic deformation and might have developed a 
granular anisotropy; "unreacted" v i t r i n i t e  re fe rs  t o  those showing no evidence o f  
thermoplast ic i ty ,  f o r  t he  most p a r t  re ta in ing  t h e i r  o r i g i n a l  morphology. 

In t he  presence o f  the molybdenum ca ta l ys t  and hydrogen atmosphere, most o f  
the v i t r i n i t e  p a r t i c l e s  became p l a s t i c  i n  the  reactor  and were p a r t i a l l y  subject 
t o  condensation l ead ing  t o  the  development o f  a granular anisotropy. 
comparison, the o t h e r  three high-temperature residues processed i n  a n i t rogen 
atmosphere are composed mainly o f  "unreacted" v i t r i n i t e  pa r t i c l es .  
demonstrates t h a t  t h e  presence o f  a ca ta l ys t  and hydrogen gas p lay  an important 
r o l e  i n  promoting v i t r i n i t e  r e a c t i v i t y  during l i que fac t i on  o f  t he  subbituminous 
coal. Although the  "unreacted" v i t r i n i t e  p a r t i c l e s  may possess a lower 
re f lectance than the  "reacted" pa r t i c l es ,  the l a t t e r  were associated w i t h  a higher 
volumetric conversion. 

This ser ies o f  runs has enabled t h e  in f luence o f  
Table 3 shows that ,  f o r  

The in f l uence  o f  atmosphere and ca ta l ys t  becomes more evident as a 
The 

I n  

In 

This 

During the  temperature-staged reactions (275OC + 425°C) , the  e f f e c t  o f  t he  
f i r s t  stage i s  n e g l i g i b l e  when a n i t rogen atmosphere was used dur ing the second 
stage. I t  was found, f o r  residues o f  reactions a t  425"C, N,; 275"C, NL + 425OC, 
N,; and 275"C, H, + 425"C, N2, t h a t  the ref lectance values were very s i m i l a r  f o r  
residues o f  t he  c a t a l y t i c  runs and again f o r  those from the  non-catalyt ic runs 
(Table 3).  This suggests t h a t  f i r s t - s tage  reactions d i d  not p lay  an important 
r o l e  i n  l i q u e f a c t i o n  i f  an i n e r t  atmosphere was used i n  the  second stage. This i s  
fur ther  supported by the  conversion data f o r  these groups o f  three reactions 
(Table 3) .  

The impact o f  f i r s t - s tage  react ion became important when a hydrogen 
atmosphere was employed. 
hydrogen atmosphere, no granular an isot rop ic  carbons were formed from the 
subbituminous coal (PSOC-1401), whereas t h i s  mater ia l  i s  present i n  the  residue o f  
the  corresponding s ing le ,  high-temperature stage reaction; Also, t he  ref lectance 
of the "reacted" v i t r i n i t e  on ly  i s  lowest when a hydrogen atmosphere was used i n  
both stages w i t h  the  ca ta l ys t ,  representing the condi t ions which gave r i s e  t o  the 
highest conversion. 
products o r  molecular s t ructures which are not as l i k e l y  t o  undergo the 
condensation react ions t h a t  would otherwise take place dur ing the  second stage. 

In a l l  residues a f t e r  two-stage react ions w i t h  a 

This impl ies tha t  f i r s t - s tage  react ion may have created 
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During the temperature-staged reactions, the presence o f  the c a t a l y s t  
minimized ret rogress ive react ions i n  the subbituminous coal. 
values o f  the residues from the  non-catalyt ic runs are cons is ten t l y  h ighe r  than 
those o f  the c a t a l y t i c  ones i n  the temperature-staged reactions even though the re  
may have been considerably lower conversion (Table 3 ) .  

In b r i e f ,  the in f luence o f  d i f f e r e n t  parameters on dry l i q u e f a c t i o n  are 
i n te r re la ted .  The e f f e c t s  o f  atmosphere and ca ta l ys i s  are manifested dur ing the  
second stage, whereas they have r e l a t i v e l y  l i t t l e  apparent e f f e c t  dur ing the  f i r s t  
stage. The presence o f  a hydrogen gas and ca ta l ys t  promotes the thermoplast ic  
development o f  v i t r i n i t e  i n  the  tub ing bomb reactor ,  i n  t u r n  favor ing l i q u i d  
conversion as a consequence o f  enhanced hydrogen t rans fe r  and c a t a l y s t  dispersion. 

The re f l ec tance  

Analyses o f  Whole Products, Ca ta l y t i c  and Non-Catalytic 

The advantage o f  performing ref lectance analysis upon the whole products o f  
react ion i s  t h a t  a b e t t e r  oppor tun i ty  i s  provided f o r  evaluat ing the  e f f i c i e n c y  o f  
hydrogenation. As noted above, some o f  t h e  products o f  hydrogenation which would 
be dissolved by the ex t rac t i on  solvent are avai lab le f o r  study i n  add i t i on  t o  
undissolved coal and any products o f  re t rogress ive condensation reactions. This 
type o f  analyses i s  poss ib le  on l y  w i t h  the  products o f  d ry  hydrogenation; when a 
vehic le  solvent i s  used, the products have a t a r r y  consistency and cannot be 
formed i n t o  a p e l l e t  or polished without p r i o r  ext ract ion.  
the experimental hydrogenation o f  an hvA bituminous coal has shown t h a t  thermal 
reactions produced on ly  higher r e f l e c t i n g  v i t r i n i t e - d e r i v e d  mater ia ls ,  bu t  where a 
dispersed ca ta l ys t  was employed the ref lectance d i s t r i b u t i o n  was extended 
downwards t o  s i g n i f i c a n t l y  lower levels. The lower r e f l e c t i n g  populat ion, i n  t h e  
l a t t e r  case, was THF solub le and h igh l y  f luoresc ing under b lue- l ight  i r r a d i a t i o n .  
This contrasted with the THF-insoluble and non-fluorescent nature o f  t h e  h igher  
r e f l e c t i n g  population. It was concluded t h a t  the low-ref lect ing ma te r ia l  
generated under c a t a l y t i c  hydrogenation i n  these experiments probably was 
asphaltenic i n  nature. 

were obtained f o r  t he  v i t r i n i t e -de r i ved  mater ia ls  i n  the  whole products from the  
hydrogenation o f  hvA and C bituminous coals, the anisot rop ic  textures o f  these 
mater ia ls  were q u i t e  d i f f e r e n t .  A f ine-grained anisotropy was apparent i n  the  
product o f  t he  f i r s t  o f  these coals, poss ib ly  because o f  the large s i z e  o f  
molecules generated dur ing c a t a l y t i c  l i que fac t i on  ( the  residue o f  t he  
corresponding thermal run was i so t rop i c ) .  It i s  supposed t h a t  l o c a l l y ,  i n  the  
absence o f  hydrogen, the  molecular fragments would a l i g n  and stack t o  g i v e  an . 
an isot rop ic  texture.  
a d i s t i l l a t e  process solvent f r a c t i o n  (220-500°C-boil i ng  H-coal f r a c t i o n a t o r  
bottoms from Consolidation Coal Company) produced only n e g l i g i b l e  an i so t rop i c  
semicoke; apparently the solvent must a i d  the dispersal o f  f ree  rad i ca l s  so t h a t  
there i s  a greater  l i k e l i h o o d  o f  hydrogenation. 
coal, no anisot rop ic  semicoke was produced dur ing the dry  hydrogenation under 
e i t h e r  thermal or c a t a l y t i c  condit ions. 
fragments formed dur ing c a t a l y t i c  hydroprocessing o f  t h i s  coal must be l e s s  p lanar  
than those from the hvA bituminous coal. The reported d i f f e rence  i n  conversion 
l eve l s  between coals  o f  hvC and A bituminous rank (Figs 1 & 2), and t h e  o p t i c a l  

Published work (2) on 

Subsequent work (3 )  showed t h a t  although s i m i l a r  re f lectance d i s t r i b u t i o n s  

The same coal c a t a l y t i c a l l y  hydrogenated i n  the  presence o f  

', 
I n  the  case o f  t h e  hvC bituminous 

I t  was concluded t h a t  t he  aromatic 
t 
i' 
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textures o f  t h e i r  respect ive residues appear t o  be manifestat ions o f  known 
d i f ferences i n  molecular s t ruc tu re  between coals o f  these ranks. 
then, i l l u s t r a t e  how geochemistry a f fec ts  coal s t ructure,  and the  s i g n i f i c a n t  
e f f e c t  t h i s  can have upon react ion chemistry. 
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Figure 1. Mean Reflectance of Vitrinite-Derived Materials 
as a Function of Reaction Conditions; 
Dry, Nan-catalytic Hydrogenation Residues 
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